Introduction {#section5-1758835920911229}
============

Squamous cell cancer of the head and neck (HNSCC) continues to be a major health risk worldwide. The incidence of HNSCC in Bangladesh has shown a sharp increase in recent years due to socioeconomic conditions and a diverse population. Platinum-based chemotherapy and chemoradiotherapy (CRT) are the standards of care for many patients with locally advanced inoperable HNSCC.^[@bibr1-1758835920911229]^ Furthermore, CRT has emerged as an adjuvant therapeutic option for operable high-risk patients.^[@bibr1-1758835920911229]^

Despite the improvements mediated by radiation treatment followed by administration of adjuvant chemotherapy for HNSCC, the 5-year overall survival (OS) and disease-free survival (DFS) rates have not been improved.^[@bibr2-1758835920911229]^ Although therapeutic and curative successes have been shown in a subgroup of patients, approximately 50% of patients with stage III and stage IV experience locoregional recurrence and metastatic spread within 2 years.^[@bibr3-1758835920911229]^ Moreover, a group of patients develop resistance due to an increase in tumor cell proliferation rate.^[@bibr4-1758835920911229],[@bibr5-1758835920911229]^ Therefore, clinical markers are essential to identify therapeutic resistance and efficiently gauge prognosis and recurrence after chemotherapy.

Several studies have evaluated a number of molecular markers including epidermal growth factor receptor (EGFR), RB1, and cyclin D1 as predictive and prognostic indicators in HNSCC.^[@bibr6-1758835920911229]^ Many gene expression signatures with potential promise as biomarkers may originate from organ- and tissue-specific stem or progenitor cells that have not been explored extensively. For example, sonic hedgehog (Shh) is a critical morphogen for motor neuron differentiation both spatially and temporally.^[@bibr7-1758835920911229]^ In cancer, Shh overexpression has been identified as a factor in the initiation of tumor growth and metastasis due to its stem cell-modulating properties.^[@bibr8-1758835920911229]^ Evidence suggests that Shh is also critical for cancer stem cell (CSC) maintenance and functions.^[@bibr9-1758835920911229]^ Activation of Shh signaling is associated with both chemotherapy and radiotherapy resistance in those patients who have received adjuvant chemotherapy.^[@bibr10-1758835920911229]^ A recent study reported the significance of Shh pathway expression on outcome of human papilloma virus (HPV)-negative patients with head and neck carcinoma after surgery and adjuvant radiotherapy.^[@bibr4-1758835920911229]^ All this evidence suggests that Shh could have potential as a therapeutic biomarker. On the other hand, nuclear factor erythroid 2 p45-related factor 2 (Nrf2), is a master transcription factor that regulates genes and is involved in antioxidant and detoxification pathways in normal cells.^[@bibr11-1758835920911229]^ Nrf2 is overexpressed in 90% of HNSCC tumors^[@bibr12-1758835920911229]^ and genomic alterations in the Nrf2 pathway are correlated with worse OS.^[@bibr13-1758835920911229]^ Studies have shown that elevated levels of Nrf2 lead to chemoresistance in many cancer types.^[@bibr14-1758835920911229]^ Inhibition of Nrf2 leading to reversal of the resistance in cisplatin-resistant head and neck cancer cells has been described recently.^[@bibr15-1758835920911229]^ This evidence highlights the individual potential of Shh and Nrf2 as biomarkers in many cancers; however, their combined clinical significance in HNSCC has not yet been studied.

Cisplatin (cis-diaminedichloroplatinum) remains as the preferred anticancer drug for HNSCC; however, some patients frequently develop cisplatin resistance, posing a major therapeutic challenge. Therefore, it would be clinically beneficial if tumor sensitivity to cisplatin could be predicted, which would enable the design of combination therapeutic interventions to efficiently reduce cisplatin-mediated resistance. In this study, we examined the expressions of Shh and Nrf2 in tumor samples from patients with HNSCC and correlated expression with post-chemotherapy tumor resistance as well as clinical prognosis. We further explored the role of Shh and Nrf2 in cisplatin resistance, CSC maintenance, cell survival and invasive behavior of HNSCC cells.

Materials and methods {#section6-1758835920911229}
=====================

Study population-patients and samples {#section7-1758835920911229}
-------------------------------------

A retrospective part of the study included 183 patients \[Chittagong Medical College and Hospital (CMCH) discovery cohort\] with confirmed stage 1 to 4 HNSCC, who received treatment at the CMCH affiliated with the University of Chittagong, Bangladesh between September 2014 and October 2016. This study was approved by the central Bangladesh Medical Research Council (BMRC) ethics committee of Bangladesh (approval ID 052(l) 04 06 2014), and was performed in accordance with the 1964 Declaration of Helsinki and all subsequent revisions. Written informed consent was obtained from all patients used in this study concerning patient inclusion, data collection and analysis, patient's biological data collection, patient's privacy, risk and facility classification and storage and assessment. This study was conducted in strict compliance with current REMARK guidelines, in that it describes relevant information concerning the design, hypothesis, patient's clinical characteristics and samples, experimental methods and detailed statistical analysis. The grade and stage of tumors were determined by an independent pathologist on the basis of the histologic findings and classified accordingly. To be eligible for the study, only patients with confirmed stage I, II, III and IV (oral cavity, oropharyngeal, laryngeal) HNSCC, or adjuvant chemotherapy, with complete information on T stage and metastatic spread to regional lymph nodes (N1 and N2) were included. The TNM staging was conducted following the American Joint Committee on Cancer, 8th edition.

Cell isolation and culture {#section8-1758835920911229}
--------------------------

After obtaining patient's informed consent and following local and international regulations, healthy and HNSCC tumor tissues were obtained at the time of surgery. Collected tumors were first minced and enzymatically dissociated with 2 mg/ml of dispase (Roche, USA), and then incubated with 0.25% trypsin--EDTA, passed through a 21-gauge syringe and filtered through a 23-µm cell filter (Merck Millipore). Cells were either directly cultured in supplemented CSC medium or cryopreserved in freezing medium, consisting of 80% fetal bovine serum (FBS) and 20% dimethyl sulfoxide (DMSO) until further use. The FaDu and SCC61 cell lines were originally obtained from the American Type Cell Culture and cultured in Dulbecco's modified Eagle's medium, supplemented with 10% FBS with 1% penicillin--streptomycin antibiotics in a 37°C humidified incubator.

Invasion assay {#section9-1758835920911229}
--------------

Invasion assay was performed as described previously.^[@bibr16-1758835920911229]^ Briefly, monolayer-grown cells were first treated either with cyclopamine (10 µM) or with vehicle (DMSO) for 48 h. Then, cells were harvested and seeded in low serum (0.1%) FBS on Matrigel-coated inserts at 50,000 cells/well. After 24 h of incubation, cells were stained with 1% crystal violet for 30 min and washed with phosphate-buffered saline (PBS). Invaded cells were counted under phase contrast microscope ×4 magnification) and quantified using ImageJ software. The experiments were performed in triplicate.

Colony-forming assay {#section10-1758835920911229}
--------------------

Colony-forming assay was performed as described previously.^[@bibr17-1758835920911229]^ Briefly, monolayer-grown cells were treated either with cyclopamine (10 µM) or with vehicle (DMSO) for 48 h. Cells were trypsinized and re-suspended (2 × 10^4^ cells/ml) in 40% methyl cellulose in culture medium and plated in 35-mm culture plates and incubated for 2 weeks. After 2 weeks, the number of colonies were counted under a phase-contrast microscope (×10 magnification). Clonogenic efficiency was determined as the average number of colonies per dish, comparing the treatment group with the untreated group.

Western blotting {#section11-1758835920911229}
----------------

Cell lysates were prepared directly in sample buffer and analyzed as previously described.^[@bibr18-1758835920911229]^ The primary antibodies used included Shh, Gli1, Nrf2, HO-1 and GAPDH. An enhanced chemiluminescence detection kit (Thermo Fisher) was used for signal detection.

Immunofluorescence {#section12-1758835920911229}
------------------

Spheres were grown on Matrigel-coated cover slips for 2 weeks in supplemented CSC medium, fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton-X for 15 min followed by 30 min blocking with 4% bovine serum albumin \[BSA, (Sigma)\]. Cells were incubated with Shh and Nrf2 primary antibodies overnight at 4°C, washed in PBS and incubated with Alexa fluorophore-conjugated secondary antibodies. Slides were mounted in Vectashield with DAPI (Vector Laboratories) and images were captured using an Optima fluorescence microscope. Digital images were processed using Adobe Photoshop CS2.

Real-time PCR {#section13-1758835920911229}
-------------

RNA was isolated using the Qiagen RNA isolation kit (Qiagen). Real-time PCR was performed using the QuantStudio 5 system. Primers used are listed below ([Table 1](#table1-1758835920911229){ref-type="table"}).

###### 

List of primers.

![](10.1177_1758835920911229-table1)

  Gene names    Sense primers          Antisense primers
  ------------- ---------------------- ----------------------
  Shh           AGGACCCGGTTTGATCTTCT   GCCATGTGACACAGACAACC
  Gli1          GTGCAAGTCAAGCCAGAACA   ATAGGGGCCTGACTGGAGAT
  Ptch1         ACAAACTCCTGGTGCAAACC   CTTTGTCGTGGACCCATTCT
  Smo           GGGAGGCTACTTCCTCATCC   GGCAGCTGAAGGTAATGAGC
  NFE2L2/Nrf2   GCGACGGAAAGAGTATGAGC   GTTGGCAGATCCACTGGTTT
  HMOX1/HO-1    TCCGATGGGTCCTTACACTC   TAAGGAAGCCAGCCAAGAGA
  CD44          AGCAACCAAGAGGCAAGAAA   GTGTGGTTGAAATGGTGCTG
  Nanog         TTCCTTCCTCCATGGATCTG   TCTGCTGGAGGCTGAGGTAT
  Oct3/4        GTACTCCTCGGTCCCTTTCC   CAAAAACCCTGGCACAAACT

Silencing Shh and Nrf2 {#section14-1758835920911229}
----------------------

To knockdown Shh and Nrf2 gene expression, FaDu cells were seeded and transfected 2 days later with Shh and Nrf2 small interfering RNA (siRNA) or nontargeting scrambled siRNA (Origene, MD, USA) for 24 h. The transfection and silencing efficiency were confirmed by Western blotting for each sample.

Tumor stromal index/density analysis {#section15-1758835920911229}
------------------------------------

Tumor sections were stained with hematoxylin and eosin for microscopic analysis. A representative slide from each tumor section (*n* = 53) was evaluated by two independent pathologists and the tumor--stromal ratio (TSR) was visually estimated and scored as 10%, 20%, 30%, 40% and with a cut-off value as 50%. If the TSR value was less than 50% it was defined as a poor stromal index (SI), whereas 50% or more was defined as a high SI.

Cell proliferation assay {#section16-1758835920911229}
------------------------

Treatment naïve HNSCC tumor cells and FaDu and HCC61 cells were cultured in 96-well plates and treated with increasing concentrations of cyclopamine for 5 days. AlamarBlue reagent was added to the cells and incubated for 4 h. Plates were read in a BioRad spectrophotometer and survival of cells was calculated.

Shh and Nrf2 immunohistochemistry {#section17-1758835920911229}
---------------------------------

Normal and tumor tissues were formalin-fixed, paraffin-embedded, cut into 4-µm sections, deparaffinized with xylene and rehydrated through 100%, 90%, 70% and 50% ethanol to water. After rehydration, sections were heated in citrate buffer (pH 6.0) for antigen retrieval. Sections were stained with 2 µg/ml of goat polyclonal anti-Shh (Santa Cruz, cat. no. sc1194), monoclonal mouse anti-Shh (dilution 1:100 Sigma, cat. no. S8321) and polyclonal rabbit anti-Nrf2 (dilution 1:100, Abcam, cat. no. ab137550) followed by incubation in horseradish peroxidase-conjugated (Invitrogen) secondary antibody incubation for 1 h at room temperature. Antibody-stained sections were analyzed by ImageJ software.

Analysis of tissue sections {#section18-1758835920911229}
---------------------------

Complete clinicopathological information was obtained for all patients from independent as well as primary care hospital sources. A detailed description of evaluation and selection of the patient cohort is provided in [Figure 1(a)](#fig1-1758835920911229){ref-type="fig"}. A blindfolded scoring system was used to analyze Shh and Nrf2 expression and every attempt was taken to avoid double scoring from the same sample. All tumor sections showing widespread nuclear or cytoplasmic expression of Shh and Nrf2 in either all or the majority of cancer cells were scored as Shh^high^/Nrf2^high^. On the other hand, tumors were scored as Shh^low^/Nrf2^low^ when the nuclear compartment lacked Shh/Nrf2 expression or showed very weak nuclear or cytoplasmic expression in a small number of cancer cells. The agreement between the scoring results obtained from two independent observers was evaluated with the use of contingency tables and calculated with Cohen's kappa index.

![Patient selection criteria, cohort characteristics and identification of biomarkers in HNSCC. (a) The CMCH datasets containing 952 tumor samples from patients with HNSCC. Based on the patient's complete medical information and serum sample availability, 183 patients out of 952 were selected for further analysis. Distribution and frequency of genetic alterations for (b) Shh and (c) Nrf2, in major cancer types. A vertical red color box delineates the TCGA results for head and neck cancer. (d) Alteration in the Shh and Nrf2 genes (columns represent individual samples). Heat map representing the intensity of the alterations shown below. (e) Significant co-occurrence association of Shh-Nrf2 genes. TCGA datasets were used to generate graphs and to calculate the significance of co-occurrence.\
CMCH, Chittagong Medical College and Hospital; HNSCC, head and neck squamous cell carcinoma; TCGA, The Cancer Genome Atlas.](10.1177_1758835920911229-fig1){#fig1-1758835920911229}

Measurement of serum Shh and Nrf2 transcriptional activity {#section19-1758835920911229}
----------------------------------------------------------

After obtaining patients' written consent, blood samples were collected and centrifuged to separate serum and plasma and stored at −80°C until use. The Shh concentration and transcriptional activity of Nrf2 in blood serum were measured using human Shh enzyme-linked immunosorbent assay (cat. no. ELH-ShhN, RayBioTech) and human Nrf2 transcription factor assay kit (cat. no. ab207223, Abcam) following manufacturer's procedures. We used 50 pg/l for Shh and 400 pg/l for Nrf2 as the serum cut-off levels to discriminate normal concentrations from those of patients with HNSCC.

TCGA datasets (validation datasets) {#section20-1758835920911229}
-----------------------------------

The validation datasets used in this study were from TCGA (<http://cancergenome.nih.gov/>). TCGA datasets were downloaded from cBioPortal. We analyzed the OS and DFS using the R Statistical Language software (Foundation for Statistical Computing, Vienna, Austria, version 3.4.3) package 'survival' and 'survminer' ([www.R-project.org/](http://www.R-project.org/)).

Statistical analysis {#section21-1758835920911229}
--------------------

We used R version 3.4.3 software for all statistical analysis and graphs. Patients' subgroup and clinicopathological variables were compared with respect to survival outcomes with use of Kaplan--Meier curves, log-rank tests, and univariate and multivariate analysis based on a Cox proportional hazard ratio (HR) method. The relationship and comparisons between the Shh/Nrf2 status (negative *versus* positive) and adjuvant chemotherapy (chemo-yes *versus* chemo-no) were analyzed using the Cox proportional HR method. A Student's *t* test was used to compare the serum concentration and relative gene expression in each group.

Results {#section22-1758835920911229}
=======

Patient selection criteria, cohort characteristics and identification of biomarkers in HNSCC {#section23-1758835920911229}
--------------------------------------------------------------------------------------------

A total of 952 patients with HNSCC were screened for eligibility, and 183 patients who were HPV-negative fulfilled the study criteria for this translational study \[[Figure 1(a)](#fig1-1758835920911229){ref-type="fig"}\]. A large number of the patients had received cisplatin-based adjuvant chemotherapy. The majority of specimens originated from oropharyngeal (*n* = 85; 46.45%), oral cavity (*n* = 56; 30.61%) and laryngeal (*n* = 42; 22.95%) sites ([Table S1](http://journals.sagepub.com/doi/suppl/10.1177/1758835920911229); [S2](http://journals.sagepub.com/doi/suppl/10.1177/1758835920911229)). In this cohort, undifferentiated (grade 3) and moderately differentiated (grade 2) patients significantly correlated with OS \[[Figure S1(a)](http://journals.sagepub.com/doi/suppl/10.1177/1758835920911229); grade 3 median OS 32 months, grade 2 median OS 42 months, log-rank *p* \< 0.0001\] as well as stage 3 and stage 4 patients \[[Figure S1(b)](http://journals.sagepub.com/doi/suppl/10.1177/1758835920911229); stage 3 median OS 39 months, stage 4 median OS 29 months, log-rank *p* \< 0.0001\] significantly correlated with OS. HRs for death were 1.65 for tumor grades 1--3 \[95% confidence interval (CI), 1.021--2.587, *p* \< 0.05\], 1.97 for tumor stage 1--4 (95% CI, 1.125--2.754, *p* \< 0.001), 1.89 for tumor T stage (T1--T4, 95% CI, 1.105--2.229, *p* \< 0.01) and 1.24 for tumor N stage \[N0--N3, 95% CI, 1.02--2.054, *p* = 0.234; [Figure S1(c)](http://journals.sagepub.com/doi/suppl/10.1177/1758835920911229)\].

To determine whether Shh and Nrf2 could serve as possible dual biomarkers in a tumor-specific context, we first surveyed the genetic alterations of Shh and Nrf2 genes in 21 major cancers in the TCGA dataset. As a comparison, Shh was altered 12% in ovarian, 3% in melanoma and glioma, and 2% in uterine, pancreas and lung adenocarcinoma respectively. However, Shh was altered only 1% in tumors of patients with HNSCC \[[Figure 1(b)](#fig1-1758835920911229){ref-type="fig"}\]. On the other hand, Nrf2 locus was altered 4% in HNSCC, compared with 2% in lung, and 8% in ovarian cancer patient tumors \[[Figure 1(c)](#fig1-1758835920911229){ref-type="fig"}\]. To further explore the relationship between Shh and Nrf2, we analyzed the mRNA expression data from the TCGA head and neck cancer cohort (*n* = 537). It revealed that Shh and Nrf2 were individually amplified by 3% and 17%, respectively \[[Figure 1(d)](#fig1-1758835920911229){ref-type="fig"}\], and showed a significant tendency towards co-occurrence in the TCGA dataset \[[Figure 1(e)](#fig1-1758835920911229){ref-type="fig"}, *p* \< 0.001)\]. Thus, this analysis highlighted a potential close association between Shh and Nrf2 in HNSCC.

Evaluating Shh and Nrf2 protein expression in tumor tissues by immunostaining {#section24-1758835920911229}
-----------------------------------------------------------------------------

Immunohistochemical results were assessed in all tumors and a good inter-rater agreement was achieved on the basis of unweighted Cohen's kappa index values. A full description of scoring method, performance analysis and two independent rater agreements are presented in the [Figure S2(a--f)](http://journals.sagepub.com/doi/suppl/10.1177/1758835920911229). Of the available patient tumor samples (*n* = 183), 82 of 183 tumors (44.81%) exhibited strong to moderate nuclear Shh immunostaining and 101 of 183 tumors (55.19%) exhibited weak to negative Shh immunostaining \[[Figure 2(a)](#fig2-1758835920911229){ref-type="fig"}; bar graph, one-way analysis of variance (ANOVA)\]. On the other hand, 108 of 183 tumors (59.01%) exhibited strong to moderate Nrf2 staining and 75 of 183 tumors (42.08%) exhibited weak to negative immunostaining \[[Figure 2(b)](#fig2-1758835920911229){ref-type="fig"}; bar graph, one-way ANOVA\].

![Evaluating Shh and Nrf2 protein expression in tumor tissues by immunostaining. (a, b) We classified the HNSCC tumors as Shh^high^/Shh^low^ and Nrf2^high^/Nrf2^low^. Shh^high^ and Nrf2^high^ samples were scored as Score2 and Score3 if the staining intensity of Shh and Nrf2 showed dense nuclear expression in the entire section of tumors. Similarly, Shh^low^ and Nrf2^low^ were scored as Score0 and Score1, if the staining intensity was completely lacking or the minority of cells were positive for either Shh or Nrf2. The samples were subclassified as Score0 if Shh expression was completely lacking (28.96%, 53 of 183); Score1 if staining was weak or sporadic (26.23%, 48 of 183); Score2 if staining intensity was moderate (14.75%, 27 of 183); and Score3 if staining intensity was strong (30.60%, 55 of 183). For Nrf2, samples were subclassified as Score0 if Nrf2 expression was completely lacking (20.77%, 38 of 183); Score1 if staining intensity was weak and sporadic (21.30%, 39 of 183); Score2 if the staining intensity was moderate (19.20%, 37 of 183); and Score3 if staining was strong and widespread (38.79%, 71 of 183). For staining intensity comparison one-way ANOVA was used, *p* \< 0.0001).\
ANOVA, analysis of variance; HNSCC, head and neck squamous cell carcinoma.](10.1177_1758835920911229-fig2){#fig2-1758835920911229}

The immunostaining scores for Shh ranged from 55 of 183 (30.05%, Score3), 27 of 183 (14.75%, Score2), 48 of 183 (26.23%, Score1) and 53 of 183 \[28.96%, Score0; [Figure 2(a)](#fig2-1758835920911229){ref-type="fig"}\]. In a similar fashion, the staining scores for Nrf2 ranged from 71 of 183 (38.79%, Score3), 37 of 183 (19.12%, Score2), 39 of 183 (21.31%, Score1) and 36 of 183 \[19.67%, Score0; [Figure 2(b)](#fig2-1758835920911229){ref-type="fig"}\]. Based on the scoring method, we defined Score2 as medium expression (cells expressing Shh/Nrf2 between 25--50%) and Score3 as strong expression (cells expressing Shh/Nrf2 over 50%) corresponding to the Shh^high^ **/**Nrf2^high^ group, and Score0 as negative expression (cells expressing Shh/Nrf2 0--10%) and Score1 as weak expression (cells expressing Shh/Nrf2 10--25%), which corresponds to the Shh^low^ **/**Nrf2^low^ group \[[Figures 2(a,b)](#fig2-1758835920911229){ref-type="fig"}; graphs, *p* \< 0.0001 for Shh and *p* \< 0.0001 for Nrf2\].

Shh and Nrf2 expression predicts overall survival in HNSCC {#section25-1758835920911229}
----------------------------------------------------------

In order to evaluate the clinical significance of Shh and Nrf2 in HNSCC, we first analyzed whether the individual expressions of Shh and Nrf2 were associated with clinical prognosis. Using a small cohort (*n* = 50) of matched adjacent normal and tumor tissues, we found that both Shh and Nrf2 expressions were frequently increased in the tumor tissues \[[Figure 3(a)](#fig3-1758835920911229){ref-type="fig"}, Shh: *p* \< 0.0001, [Figure 3(b)](#fig3-1758835920911229){ref-type="fig"}, Nrf2: *p* \< 0.0001\]. In HNSCC, tumor stage was the best predictor for OS. Given the clinical importance of tumor stage, we analyzed the expression of Shh and Nrf2 in early- (stage 1 and 2) and late-stage (stage 3 and 4) tumors. Both Shh and Nrf2 were significantly higher in late-stage tumors \[[Figure 3(c)](#fig3-1758835920911229){ref-type="fig"}; Fisher's exact test, Shh: *p* \< 0.0001, [Figure 3(d)](#fig3-1758835920911229){ref-type="fig"}, Nrf2: *p* \< 0.01; *p* \< 0.0001\]. High Shh and high Nrf2 expression were clearly independent predictors of poorer OS. The median OS was worse for patients with high expression of Shh \[[Figure 3(e)](#fig3-1758835920911229){ref-type="fig"}, median OS: 31.0 *versus* 60.0 months, log-rank *p* \< 0.001\] and Nrf2 \[[Figure 3(f)](#fig3-1758835920911229){ref-type="fig"}, median OS: 45.5 *versus* over 60 months, log-rank *p* \< 0.0001\]. The association remained significant after a multivariate Cox proportional HR analysis when adjusting for age, sex, tumor grade, and tumor stage. The HR was 2.780 for Shh \[[Figure 3(e)](#fig3-1758835920911229){ref-type="fig"}, bottom panel; 95% CI, 1.351--3.421, *p* \< 0.001\] and 1.769 for Nrf2 \[[Figure 3(f)](#fig3-1758835920911229){ref-type="fig"}, bottom panel; 95% CI, 1.151--2.581; *p* \< 0.01\].

![Shh and Nrf2 expression predicts OS in HNSCC. (a) Shh and Nrf2 expression in matched normal and tumor samples (Mann--Whitney *U* test, *p* \< 0.0001) (b) Shh and Nrf2 expression stratified by tumor stage (one-way ANOVA, *p* \< 0.0001, *p* \< 0.05, *p* \< 0.01). (c) Kaplan--Meier survival curves comparing the OS for patients with HNSCC grouped as Shh^high^ and Shh^low^ (log-rank *p* \< 0.001), and Nrf2^high^ and Nrf2^low^ expression (log-rank *p* \< 0.0001; high: Score3/Score2; low: Score1/Score0 expression groups). Comparison was made between high and low expression groups. Below each graph showed the Cox proportional hazard ratio in a multivariate analysis (*p* \< 0.01 and *p* \< 0.001).\
ANOVA, analysis of variance; HNSCC, head and neck squamous cell carcinoma; OS, overall survival.](10.1177_1758835920911229-fig3){#fig3-1758835920911229}

OS and DFS from TCGA validation dataset {#section26-1758835920911229}
---------------------------------------

To evaluate the strength of the Shh and Nrf2 analysis in our own cohort, we used an independent validation cohort to test the reproducibility for Shh and Nrf2 based on mRNA-sequence expression data for HNSCC tumors from cBioportal for Cancer Genomics ([www.cbioportal.org/data_sets.jsp](http://www.cbioportal.org/data_sets.jsp)). These datasets contain harmonized information of patient's tumor recurrence status and OS status as well as long-term follow-up records.

To explore the relationship between Shh and Nrf2 expression and OS and DFS, we stratified the TCGA validation dataset (*n* = 324) into two groups as Shh^high^ and Shh^low^ based on log~2~ normalized expression values. In this validation cohort, Shh^high^ displayed a significant association with 5-year OS \[[Figure S3(a)](#fig3-1758835920911229){ref-type="fig"}; Shh^high^ *versus* Shh^low^: 60 months *versus* over 100 months, log-rank *p* \< 0.001\]; DFS was relatively lower in magnitude \[[Figure S3(b)](#fig3-1758835920911229){ref-type="fig"}; Shh^high^ *versus* Shh^low^: 24 *versus* 80 months, log-rank *p* \< 0.0001\]. A similar grouping method was applied for Nrf2 expression status (*n* = 224); however, here the association did not reach statistical significance for OS \[[Figure S3(c)](#fig3-1758835920911229){ref-type="fig"}; Nrf2^high^ *versus* Nrf2^low^, 40 months *versus* 90 months, log-rank *p* = 0.24\] and DFS \[[Figure S3(d)](#fig3-1758835920911229){ref-type="fig"}; Nrf2^high^ *versus* Nrf2^low^; 64 months *versus* 100 months, log-rank *p* = 0.12\].

Shh and Nrf2 expression are correlated with tumor prognostic factors {#section27-1758835920911229}
--------------------------------------------------------------------

We then analyzed the correlation and the distribution of several tumor prognostic features with the expressions of Shh and Nrf2 individually and determined DFS. There was a significant difference in Shh and Nrf2 expression between primary and metastatic tumors \[[Figure 4(a)](#fig4-1758835920911229){ref-type="fig"}; Shh: *p* \< 0.0001; [Figure 4(b)](#fig4-1758835920911229){ref-type="fig"}; Nrf2: *p* \< 0.0001\]. When comparing the expression between no chemotherapy and chemotherapy-treated tumors, we found significant differences between the patients who received chemotherapy and those who did not \[[Figure 4(c)](#fig4-1758835920911229){ref-type="fig"}; Shh: *p* \< 0.0001, [Figure 4(d)](#fig4-1758835920911229){ref-type="fig"}; Nrf2: *p* \< 0.0001\]. We further analyzed the patients' follow-up data and their expressions of Shh and Nrf2 in the recurred and disease-free patient tumors. Both Shh and Nrf2 expression were significantly higher in patients with tumor recurrence than patients who were disease free \[[Figure 4(e)](#fig4-1758835920911229){ref-type="fig"}, Shh: *p* \< 0.0001, [Figure 4(f)](#fig4-1758835920911229){ref-type="fig"}; Nrf2: *p* \< 0.0001\]. Furthermore, there was a significant difference between the patients who had good prognosis and those with worse prognosis \[[Figure 4(g)](#fig4-1758835920911229){ref-type="fig"}; Shh: *p* \< 0.001, [Figure 4(h)](#fig4-1758835920911229){ref-type="fig"}; Nrf2: *p* \< 0.0001\]. Next, we evaluated the relationship between Shh and Nrf2 expression and patient DFS. The Kaplan--Meier analysis revealed a worse DFS in patients with high Shh and high Nrf2 expression. The median DFS was 25.5 months *versus \>*60 months for high *versus* low Shh \[[Figure 4(i)](#fig4-1758835920911229){ref-type="fig"}; log-rank *p* \< 0.0001\], and 32.5 *versus* 60 months for high *versus* low Nrf2 \[[Figure 4(j)](#fig4-1758835920911229){ref-type="fig"}; log-rank *p* \< 0.0001\]. This suggests that high Shh and high Nrf2 expressions were independent worse DFS predictors among other variables \[[Figure 4(i)](#fig4-1758835920911229){ref-type="fig"}, bottom panel; Shh: HR-2.408; *p* \< 0.0001; and [Figure 4(j)](#fig4-1758835920911229){ref-type="fig"}; bottom panel; Nrf2: 1.891, *p* \< 0.0001\].

![Shh and Nrf2 expression are correlated with tumor prognostic factors. (a, b) Correlation between primary *versus* metastatic tumors on the basis of staining score for Shh and Nrf2. (c, d) Correlation between no chemotherapy *versus* chemotherapy tumors on the basis of staining score for Shh and Nrf2. (e, f) Correlation between disease free *versus* recurred tumors on the basis of staining score for Shh and Nrf2. (g, h) Correlation between good prognosis *versus* bad prognosis for patients on the basis of staining score for Shh and Nrf2. (i) Kaplan--Meier survival curves comparing DFS for patients with HNSCC, grouped as Shh^high^ and Shh^low^ (log-rank *p* \< 0.0001; bottom panel: Cox proportional hazard ratio in a multivariate analysis, *p* \< 0.01, *p* \< 0.001, *p* \< 0.001). (j) Nrf2^high^ and Nrf2^low^ expression groups (log-rank *p* \< 0.0001; bottom panel: Cox proportional hazard ratio in a multivariate analysis, *p* \< 0.05, *p* \< 0.05, *p* \< 0.01, *p* \< 0.001).\
DFS, disease-free survival; HNSCC, head and neck squamous cell carcinoma.](10.1177_1758835920911229-fig4){#fig4-1758835920911229}

Dual prognostic values based on stratification of patients with HNSCC with respect to invasion and lymph node involvement, chemotherapy response, and stromal index {#section28-1758835920911229}
-------------------------------------------------------------------------------------------------------------------------------------------------------------------

Shh signaling is linked to the epithelial-to-mesenchymal (EMT) transition phenotype following chemotherapy.^[@bibr19-1758835920911229]^ On the other hand, cancer cells frequently showing Nrf2 overexpression are linked to increased resistance to chemotherapy.^[@bibr15-1758835920911229]^ Therefore, we felt it would be interesting to evaluate the combined outcome of Shh and Nrf2 in respect to chemotherapeutic resistance. First, we analyzed the favorable and unfavorable outcomes based on combined Shh and Nrf2 expression levels. Patients with low Shh and low Nrf2 expression levels showed a very favorable OS outcome \[[Figure 5(a)](#fig5-1758835920911229){ref-type="fig"}, median OS: over 60 months, HR: set at 1 constant\]. Patients with either high Shh or high Nrf2 levels showed an intermediate outcome \[[Figure 5(a)](#fig5-1758835920911229){ref-type="fig"}, median OS: 31 months, HR = 2.581\], whereas the most unfavorable outcome was seen in both the high Shh and high Nrf2 patient group \[[Figure 5(a)](#fig5-1758835920911229){ref-type="fig"}, median OS: 21.5 months, HR = 4.894; [Figure 5(a)](#fig5-1758835920911229){ref-type="fig"}, bottom panel; Cox proportional HR in a multivariate analysis\]. These results identified that low expression of both Shh and Nrf2 predicts the most favorable outcome and less aggressive tumors.

![Dual prognostic values based on stratification of patients with HNSCC with respect to invasion and lymph node involvement, chemotherapy response, and stromal index. (a) Kaplan--Meier cumulative OS of all patients (*n* = 183; bottom panel: Cox proportional hazard ratio in a multivariate analysis, *p* \< 0.001). (b, c) Cumulative DFS of all patients (*n* = 183) patients stratified based on depth of invasion (T1 *versus* T2, bottom panel: Cox proportional hazard ratio in a multivariate analysis, *p* \< 0.0001) and T3 *versus* T4 (bottom panel: Cox proportional hazard ratio in a multivariate analysis, *p* \< 0.0001). (d) Comparison of Shh (*p* \< 0.001) and Nrf2 (*p* \< 0.001) expression between chemo-responders and nonresponders (Student's *t* test). (e) Kaplan--Meier cumulative DFS of patients with HNSCC (bottom panel: Cox proportional hazard ratio in a multivariate analysis, *p* \< 0.001; independent two-tailed Student's *t* test).\
DFS, disease-free survival; HNSCC, head and neck squamous cell carcinoma; OS, overall survival.](10.1177_1758835920911229-fig5){#fig5-1758835920911229}

Secondly, to analyze which subgroup of patients with HNSCC predicts a worse DFS outcome, we stratified patients with known risk factors, such as the status of regional lymph nodes (N0 *versus* N1 and N2 *versus* N3) in patients with HNSCC. The dual biomarkers Shh^high^/Nrf2^high^ group preferentially discriminated the DFS status in patients with lymph nodes stages N0--N1 *versus* N2--N3 in the CMCH cohort \[[Figure S4(a,b)](http://journals.sagepub.com/doi/suppl/10.1177/1758835920911229); log-rank *p* \< 0.0001 and *p* \< 0.0001, respectively\]. These results remained significant in a multivariate analysis \[[Figure S4(a,b)](http://journals.sagepub.com/doi/suppl/10.1177/1758835920911229), Cox proportional HR model in multivariate analysis\]. Furthermore, when patients were stratified by the depth of invasion, combined biomarkers discriminated the differences in DFS in patients in the T1--T2 *versus* T3--T4 groups \[[Figure 5(b](#fig5-1758835920911229){ref-type="fig"},[c](#fig5-1758835920911229){ref-type="fig"}); log-rank *p* \< 0.0001; *p* \< 0.0001, respectively\]. The multivariate analysis remained significant for combined Shh^high^/Nrf2^high^ groups \[[Figure 5(b](#fig5-1758835920911229){ref-type="fig"},[c](#fig5-1758835920911229){ref-type="fig"}) bottom panel; Cox proportional HR model in multivariate analysis\].

Combination chemotherapy such as cisplatin with 5-fluorouracil (5-FU) treatment have shown good response rates (60--90%) in patients with locoregionally advanced head and neck cancer, with half of the patients achieving complete response.^[@bibr19-1758835920911229]^ However, cisplatin-mediated drug resistance has been a major obstacle due to the activation of multiple resistance pathways. We therefore evaluated whether Shh and Nrf2 expression could be associated with administration of chemotherapy and resulting chemoresistance. Among 183 patients with HNSCC, 53 patient samples were available after cisplatin-based chemotherapy. Overall, 25 patients (47.12%) showed complete response to cisplatin (good responders) while 28 patients (52.83%) showed resistance or failed cisplatin treatment (nonresponders). Interestingly, resistant and nonresponder patients showed significantly higher Shh and higher Nrf2 expression compared with good responders \[[Figure 5(d)](#fig5-1758835920911229){ref-type="fig"}; *p* \< 0.001, independent two-tailed Student's *t* test\].

A recent study demonstrated that hedgehog (Hh) pathway genes play a crucial role at the tumor--stromal intersection in patients with HNSCC treated with radiotherapy and contribute to stromal-mediated resistance.^[@bibr20-1758835920911229]^ This prompted us to evaluate stromal abundance and Shh expression in patients treated with cisplatin. The SI correlated with Shh abundance and poor OS and DFS \[[Figure 5(e](#fig5-1758835920911229){ref-type="fig"},[f](#fig5-1758835920911229){ref-type="fig"}); log-rank: *p* \< 0.05 (OS) and *p* \< 0.001 (DFS); [Figure 5(e](#fig5-1758835920911229){ref-type="fig"},[f](#fig5-1758835920911229){ref-type="fig"}) bottom panel; Cox proportional HR model\].

Shh and Nrf2 are highly expressed in treatment-resistant HNSCC tumors {#section29-1758835920911229}
---------------------------------------------------------------------

Tissue immunohistochemistry and fluorescence *in situ* hybridization remain the preferred methods for prognostic biomarker diagnosis; however, these require high quality tissue samples. Therefore, serum or plasma concentrations of a particular marker could be used as an alternative to these methods for prognostication. We therefore evaluated Shh and Nrf2 in blood serum from a group of patients who were either sensitive or resistant to chemotherapy. Analysis of serum Shh showed that, cisplatin-resistant patient serum showed high Shh abundance compared with sensitive and normal patient serum \[[Figure 6(a)](#fig6-1758835920911229){ref-type="fig"}, *p* \< 0.001\]. In addition, analysis of Nrf2 transcriptional activity in blood serum was found to be higher in cisplatin-resistant patients and significantly lower in sensitive patients \[[Figure 6(b)](#fig6-1758835920911229){ref-type="fig"}, *p* \< 0.0001\].

![Shh and Nrf2 are highly expressed in treatment-resistant HNSCC patient tumors. (a) Serum Shh concentrations differ from healthy (*n* = 30), cisplatin-sensitive and cisplatin-resistant patients with HNSCC. Serum Shh concentrations measured (pg/ml, *p* = 0.0014, Fisher's exact test). (b) Nrf2 transcriptional activity from healthy, cisplatin-resistant and cisplatin-sensitive patient samples (*p* = 0.0001, Student's *t* test). Inhibition of Shh by cyclopamine decreased cell survival, invasion and cisplatin-induced resistance in HNSCC cells. (c) Immunofluorescence staining showing the localization of Shh and Nrf2 in therapy-sensitive *versus* therapy-resistant patients with HNSCC tumors (red: Shh/Nrf2 and blue: DAPI; scale bar, 100 µm) mRNA expression of (d) Shh, Gli1, Ptch1, Smo, (e) Nrf2 and HO-1 in patients with HNSCC tumors assessed by quantitative reverse transcriptase PCR. (f) Western blots showing the expression of Shh, Gli1, Nrf2 and HO-1 from three independent patients' tumor samples. Serum Shh and Nrf2 transcriptional activity analysis. (g) Freshly isolated HNSCC tumor cells, FaDu and HCC61 cells treated with increasing concentrations of cyclopamine for 3 days. Cell viability was assessed by alamarBlue assay. (h) FaDu cells were treated with cyclopamine (10 µM) and subjected to Western blot for the expression of the indicated proteins. (i) FaDu cells were treated as described in (h) and cell invasion assay was performed in Matrigel-coated Boyden chambers for 24 h (scale bar, 100 µm). (j) Colony-forming efficiency assay after cyclopamine treatment.\
HNSCC, head and neck squamous cell carcinoma; PCR, polymerase chain reaction.](10.1177_1758835920911229-fig6){#fig6-1758835920911229}

A recent study reported that tumors with an upregulated Gli1 and EMT pathway have been found to be more chemo- and radio-resistant in locally invasive and metastatic cancers.^[@bibr21-1758835920911229]^ To determine the possible role of Shh and the Ptch1--Smo--Gli1 pathway in therapeutic resistance, we examined the cellular localization of Shh and Nrf2 from a pool of therapy-resistant and therapy-sensitive HNSCC patient tumors by immunostaining. Shh was localized in the cytoplasm and nucleus in both therapy sensitive and resistant cells \[[Figure 6(c)](#fig6-1758835920911229){ref-type="fig"}; white circle\]; however, Nrf2 was mainly localized in the cytoplasm in therapy-sensitive cells \[[Figure 6(a)](#fig6-1758835920911229){ref-type="fig"}; white circle\], whereas strong nuclear (white big circle) as well as sporadic cytoplasmic (white small circle) expression was observed in therapy-resistant cells \[[Figure 6(c)](#fig6-1758835920911229){ref-type="fig"}\]. Real-time PCR results showed the relative expression of Shh, Gli1, Ptch1, Smo, Nrf2 and HO-1. Shh and Gli1 were significantly upregulated in therapy-resistant tumors \[[Figure 6(d)](#fig6-1758835920911229){ref-type="fig"}\]. In contrast, Ptch1 and Smo expression showed no detectable significance between resistant and sensitive tumors \[[Figure 6(d)](#fig6-1758835920911229){ref-type="fig"}\]. Nrf2 inhibition that reverses the resistance of cisplatin-resistant head and neck cancer cells has recently been described.^[@bibr15-1758835920911229]^ Therefore, it was essential to determine whether the administration of chemotherapy increases Nrf2 expression and its target gene HO-1 *via* an antioxidant response element in patients with HNSCC. Similarly to Shh expression, Nrf2 and HO-1 were highly expressed in resistant tumors compare with sensitive counterparts \[[Figure 6(e)](#fig6-1758835920911229){ref-type="fig"}\]. Furthermore, Western blot results from treatment-resistant and treatment-sensitive tumors from patients further confirmed that Shh, Gli1, Nrf2 and HO-1 were all elevated in the cisplatin-resistant tumors compared with cisplatin-sensitive counterparts \[[Figure 6(f)](#fig6-1758835920911229){ref-type="fig"}\].

Regrowth of treatment-resistant tumor cells compromises the effectiveness of treatment, suggesting that resistant cells repopulate and tumors recur over time. Previous studies have reported the contribution of the Hh signaling pathway in the repopulation of these progenitor cells.^[@bibr22-1758835920911229],[@bibr23-1758835920911229]^ Targeting Hh signaling by cyclopamine both suppresses HNSCC and enhances chemotherapeutic effects;^[@bibr24-1758835920911229]^ however, it was not shown whether targeting Shh signaling by cyclopamine might have any suppressive effects on Nrf2 and its target genes. We therefore assessed the effects of cyclopamine on cell survival in treatment-naïve patient tumor cells. We observed a significant dose-dependent cell death effect on HNSCC cells \[[Figure 6(g)](#fig6-1758835920911229){ref-type="fig"}\]. We then tested the dose response on FaDu and HCC61 cells. FaDu and HCC61cells showed a strong dose-dependent suppressive growth response to cyclopamine \[[Figure 6(g)](#fig6-1758835920911229){ref-type="fig"}\]. These results were confirmed by Western blot analysis and it was found that treatment of FaDu cells with cyclopamine inhibited the expression of Shh, Gli1, Nrf2 and HO-1 \[[Figure 6(h)](#fig6-1758835920911229){ref-type="fig"}\]. Next, we wanted to ascertain whether blocking of the Shh pathway by cyclopamine had any effects on cell invasiveness and colony-forming capacity. Cells were treated as described in [Figure 6(h)](#fig6-1758835920911229){ref-type="fig"}; trypsinized and cultured in Matrigel-coated Boyden chambers for 24 h. Cyclopamine (10 µM) treatment significantly inhibited the invasion of cells \[[Figure 6(i)](#fig6-1758835920911229){ref-type="fig"}\]. In addition, cyclopamine significantly inhibited the colony-forming efficiency of patient tumor cells and FaDu cells \[[Figure 6(j)](#fig6-1758835920911229){ref-type="fig"}; *p* \< 0.001 for patient cells and FaDu cells\]. These observations indicated that the Shh pathway was prominently involved in the invasive and aggressive behaviors of HNSCC tumor cells.

High expression of Shh and Nrf2 correlates with induced stem cell-like characteristics and contributes to chemoresistance of HNSCC cells {#section30-1758835920911229}
----------------------------------------------------------------------------------------------------------------------------------------

In order to validate the role of Shh in HNSCC tumor cell growth and resistance, we knocked down Shh with Shh specific siRNA and assessed cell survival. Transfected cells were incubated for 72 h and assessed for cell survival by alamarBlue assay. Similarly to cyclopamine alone \[shown in [Figure 6(g)](#fig6-1758835920911229){ref-type="fig"}\], there was a concentration-dependent suppressive behavior of siRNA-Shh on cell survival. No changes in cell growth inhibition were observed in the untreated and control siRNA-treated cells \[[Figure 7(a)](#fig7-1758835920911229){ref-type="fig"}; [Figure S5(a)](http://journals.sagepub.com/doi/suppl/10.1177/1758835920911229)\]. To further determine the role of Shh in chemoresistance, we assessed the effects of Shh inhibition by sequentially treating cells with cisplatin, cyclopamine and siRNA-Shh. First, cells were treated with siRNA-Shh for 24 h, then washed and further treated with cyclopamine (10 µM) for 24 h, trypsinized and re-cultured followed by a series of cisplatin doses for 48 h. Low-dose cisplatin (2 µM) alone had small effect (18--20% inhibition) on cell survival 72 h after treatment; however, the combination treatment either with cyclopamine (10 µM) or siRNA-Shh reduced cell survival by 47% (siRNA-Shh) and 60% \[cyclopamine 10 µM; [Figure 7(b)](#fig7-1758835920911229){ref-type="fig"} and [Figure S5(b)](http://journals.sagepub.com/doi/suppl/10.1177/1758835920911229)\]. We then tested chemoresistance of cells by a second anticancer agent, 5-FU. Cells were treated with siRNA-Shh and cyclopamine as described above followed by a series of 5-FU doses for 48 h. Resistance to 5-FU was identical to that seen for cisplatin and cell survival was greatly reduced when cyclopamine (10 µM) and siRNA-Shh were applied in combination \[[Figure 7(c)](#fig7-1758835920911229){ref-type="fig"} and [Figure S5(c)](http://journals.sagepub.com/doi/suppl/10.1177/1758835920911229)\].

![High expression of Shh and Nrf2 correlates with induced stem cell-like characteristics and contributes to chemoresistance of HNSCC cells. (a) FaDu cells were treated with three different concentrations of ShhsiRNA for 24 h and cell survival was analyzed. (b) FaDu cells were treated with Shh-siRNA and cyclopamine (10 µM) for 2 days, washed and treated with increasing concentrations of cisplatin and cell viability was assessed by alamarBlue assay. (c) FaDu cells were treated with Shh-siRNA and cyclopamine (10 µM) for 2 days, washed and treated with increasing concentrations of 5-fluorouracil (5-FU) and cell viability was assessed by alamarBlue assay. Dose--response data were analyzed by the R statistical software 'DRC' package. (d) Freshly isolated treatment-sensitive and treatment-resistant HNSCC cells and (e) FaDu cells were cultured in cancer stem cell (CSC) supplemented medium for 10 days. Resulting spheres were immunofluorescently stained for Shh and Nrf2 (green: Shh; red: Nrf2, blue: DAPI; scale bar, 100 µm). Patients' tumor cells and FaDu cells were cultured in the supplemented sphere growth medium and analyzed for expression of (f) CD44, Oct4 and Nanog. (g, h) Shh, Gli1, Nrf2 and HO-1 by Real-time PCR and compared for relative expression. (i) FaDu cells were transfected with Shh-siRNA and analyzed by Western blots for expression of Shh, Gli1, Nrf2 and HO-1. (j) FaDu cells were cultured and transfected as in (i) and sphere growth and numbers were analyzed (*p* = 6.3×10^−[@bibr10-1758835920911229]^, Student's *t* test). (k) FaDu cells were transfected with Nrf2-siRNA and analyzed by Western blots for expression of Shh, Gli1, Nrf2 and HO-1. (l) FaDu cells were cultured and transfected as in (i) and sphere growth and numbers were analyzed (*p* \< 0.0001, Student's *t* test).\
HNSCC, head and neck squamous cell carcinoma; PCR, polymerase chain reaction.](10.1177_1758835920911229-fig7){#fig7-1758835920911229}

To elucidate the relationship between Shh and CSC-like characteristics and enhanced resistance to chemotherapy, freshly dissociated treatment-sensitive and treatment-resistant HNSCC tumor cells were cultured in a serum-free supplemented growth medium (as for CSC), and assessed for sphere formation efficiency. The resistant cells formed comparatively larger spheres than the sensitive cells and showed enhanced tolerance to cisplatin treatment \[[Figure 7(d)](#fig7-1758835920911229){ref-type="fig"}\]. Immunostaining of spheres showed that treatment-resistant spheres had intense Shh and Nrf2 expression compared with spheres from sensitive cells \[[Figure 7(d)](#fig7-1758835920911229){ref-type="fig"}\]. Similar results were obtained for the FaDu cells. Cells were treated with 5 µM cisplatin or vehicle, and analyzed for sphere formation efficiency. Cisplatin-treated cells generated significantly larger sized spheres as well as showing stronger Shh and Nrf2 expression, suggesting that Shh and Nrf2 are probably involved in enhanced chemoresistance \[[Figure 7(e)](#fig7-1758835920911229){ref-type="fig"}\].

Recent evidence suggests that, resistance to cisplatin is closely linked to the existence of CSCs, primarily CD44^+^, in HNSCC.^[@bibr25-1758835920911229]^ Because CD44 was recently reported as a CSC marker in HNSCC, we examined the expression of CD44, Oct4 and Nanog in HNSCC tumor cells. Patient-derived treatment-naïve and FaDu cells were treated with cisplatin (5 µM) for 7 days, trypsinized and cultured in growth factor-supplemented CSC medium. Cells were allowed to form spheres to enrich for higher CSC and stemness activity, and gene expression was subsequently analyzed by Real-time PCR. The CSC marker CD44 and stemness markers Nanog and Oct4 were significantly elevated in spheres compared with parental cells \[[Figure 7(f)](#fig7-1758835920911229){ref-type="fig"}\]. Furthermore, Shh and Gli1 expression was also elevated in spheres \[[Figure 7(g\]](#fig7-1758835920911229){ref-type="fig"}). In addition, Nrf2 and HO-1 expression was also significantly upregulated in spheres \[[Figure 7(h)](#fig7-1758835920911229){ref-type="fig"}\]. Taken together these results suggest that cisplatin treatment induces more CSC activity and an increase in the CSC-like cell population, thus acquiring HNSCC with an enhanced resistance to chemotherapy.

To further investigate the functional involvement of Shh and Nrf2, we silenced both Shh and Nrf2 independently. Cells were treated with siRNA-Shh and siRNA-Nrf2 for 48 h. Silencing of the Shh gene showed markedly lower expression levels of Shh, Gli1, Nrf2 and HO-1 \[[Figure 7(i)](#fig7-1758835920911229){ref-type="fig"} and [Figure S5(d)](http://journals.sagepub.com/doi/suppl/10.1177/1758835920911229)\]. These results suggest that chemotherapy-mediated Shh activation contributed to CSC-like characteristics and thereby enhanced resistance to chemotherapy. In addition, silencing of Shh significantly attenuated the growth and the number of spheres \[[Figure 7(j)](#fig7-1758835920911229){ref-type="fig"} and [Figure S5(e)](http://journals.sagepub.com/doi/suppl/10.1177/1758835920911229)\]. Recent studies have reported that Nrf2 signaling is also involved in supporting CSC-like characteristics in many cancers.^[@bibr26-1758835920911229]^ Knockdown of Nrf2 inhibited the self-renewal efficiency of glioma stem cells.^[@bibr26-1758835920911229],[@bibr27-1758835920911229]^ Nrf2 knockdown showed lower expression of Nrf2 and HO-1 than in the control/scramble siRNA-treated cells \[[Figure 7(k)](#fig7-1758835920911229){ref-type="fig"}\]; however, no visible changes in Shh and Gli1 protein expression was observed after Nrf2 knockdown \[[Figure 7(k)](#fig7-1758835920911229){ref-type="fig"} and [Figure S5(f)](#fig5-1758835920911229){ref-type="fig"}\]. Furthermore, sphere-forming efficiency was significantly decreased after Nrf2 knockdown \[[Figure 7(l)](#fig7-1758835920911229){ref-type="fig"} and [Figure S5(g)](http://journals.sagepub.com/doi/suppl/10.1177/1758835920911229)\]. These results suggest that Shh potentially regulates Nrf2 pathway-dependent CSC regulation and activation upon chemotherapy.

Discussion {#section31-1758835920911229}
==========

Although cisplatin is widely used for the treatment of patients with locally advanced HNSCC, unfortunately, a group of patients develop cisplatin resistance after an initial good response. This suggests that the efficacy of cisplatin diminishes over time; however, the adverse effects after administration remain detrimental. Currently, cisplatin-based chemotherapy is administered without knowledge of any biomarkers to predict the response. The goal of the study reported here was to determine whether Shh and Nrf2, two candidate molecular biomarkers, could be used to predict response to cisplatin-based chemotherapy. The patient data we used in this study were obtained from a uniformly selected and treated cohort of patients. We conducted a series of experiments to demonstrate that Shh and Nrf2 confer resistance to cisplatin-based chemotherapy in HNSCC, and found that the resistance was in part attributed to emergence of CSC-like characteristics. Our data suggest that combined higher expression of Shh and Nrf2 had a worse OS and DFS than that of low expression of Shh and Nrf2. Additionally, our data indicated that the expressions of Shh and Nrf2 could be important therapeutic biomarkers for patients with locally advanced HNSCC who undergo cisplatin treatment and thus there is the potential for therapeutic benefit.

Prognostic biomarkers are primarily used for risk stratification of patients and to predict chemotherapeutic response. Current available prognostic factors for HNSCC largely rely on the size of tumor (T stage), presence and extent of cervical node metastasis (N stage), and presence of distant metastasis (M stage). In addition to TNM staging, HPV-negative and HPV-positive HNSCC cancers have received much attention from the use of potential prognostic markers.^[@bibr28-1758835920911229],[@bibr29-1758835920911229]^ However, a recent study by Psyrii and colleagues^[@bibr30-1758835920911229]^ reported in a large European Organisation for Research and Treatment of Cancer study that the treatment effects were insignificant between HPV(^+^) or HPV(^−^) patients. In addition, several molecular and clinical risk factors have been investigated with limited clinical use.^[@bibr7-1758835920911229]^ For example, EGFR overexpression was shown to be a negative prognostic factor after radiotherapy^[@bibr31-1758835920911229]^ and a potential predictive biomarker for cisplatin-based chemotherapy in patients with HNSCC.^[@bibr21-1758835920911229],[@bibr32-1758835920911229]^ To our knowledge, no studies have reported the predictive usefulness of two key signaling and regulatory pathway factors, Shh and Nrf2, as dual therapeutic biomarkers in the adjuvant chemotherapeutic setting. In the present study, we used patient tumor samples and compared Shh and Nrf2 expression taking several factors into consideration. Most importantly, our comparisons between cisplatin-sensitive and cisplatin-resistant, and no chemotherapy *versus* patients who underwent chemotherapy, helped us to identify true predictive biomarkers in patients with HNSCC, where high expression of Shh and Nrf2 clearly correlated with shorter OS and DFS in these patients. In addition to the use of tumor tissues, a serum-based prognostic assay might provide the potential to improve the accuracy of prognostic estimation. To this end, we further demonstrated the use of serum Shh and Nrf2 transcriptional activity as potential prognostic and therapeutic biomarkers in patients with HNSCC. Taken all together, these results suggest that dual high expression of Shh and Nrf2 could be a potential therapeutic biomarker for patients with HNSCC.

Gan and colleagues^[@bibr20-1758835920911229]^ previously reported that radiotherapy elevated the expression of Shh and Gli1 in HNSCC tumors as well as in the tumor--stromal intersection, which contributes to stromal-mediated resistance and that these effects were inhibited by the Hh inhibitor cyclopamine. This suggests that the tumor stroma plays a critical role in therapeutic resistance. Taking this lead, using a clinical HNSCC patient cohort, we demonstrated that in patients treated with cisplatin the SI was significantly higher in the Shh^high^ patient group than in the Shh^low^ patient group, and that a high SI was a predictive factor for DFS in patients. Furthermore, patients responding to chemotherapy had lower Shh expression than those who did not respond to therapy. These data suggest that Shh alone can serve as a predictive therapeutic biomarker for patients with HNSCC. At the molecular level, the relationship between Shh and Nrf2, and their combined role in tumor--stromal interaction as regards treatment resistance is largely unknown. Although, as our study shed some light on tumor--stromal interaction and the relationship of Shh and Nrf2, future studies should focus more on deciphering the interplay between Shh and Nrf2 signaling.

Until recently, overexpression of Shh and Nrf2 individually have been reported in a number of cancer types and linked to increased resistance to chemotherapy.^[@bibr19-1758835920911229],[@bibr28-1758835920911229],[@bibr33-1758835920911229][@bibr34-1758835920911229]--[@bibr35-1758835920911229]^ However, their combined effect on therapeutic outcome in patients with HNSCC had not yet been reported. To date, reliable predictive biomarkers have not been established for cisplatin-based chemotherapy at least for patients with HNSCC. Therefore, there is a precedent as Shh and Nrf2 have distinct roles in therapeutic resistance and the availability of inhibitors that target both pathways can be exploited. Our results show that both Shh and Nrf2 are abundantly expressed in tumors treated with cisplatin. The frequent overexpression of these two biomarkers accompanied with the increase in growth and proliferation of cells suggests critical roles in growth and proliferation particularly in post-therapy resistant cells. The Gli1 transcription factor studied in a retrospective analysis (RTOG 90-03) found that high expression of Gli1 levels before treatment of patients with HNSCC correlated with poor local control rate, aggressive distant metastases and poor OS.^[@bibr36-1758835920911229]^ On the other hand, HO-1 (heme oxygenase 1) a downstream effector of Nrf2-dependent cell response,^[@bibr37-1758835920911229]^ was shown to play an important role in malignant transformation of cancer cells. A high level of HO-1 has been reported to correlate with poor OS in many cancers^[@bibr38-1758835920911229],[@bibr39-1758835920911229]^ and correlated with resistance to chemotherapy.^[@bibr40-1758835920911229]^ To verify the biological functions and role of therapeutic resistance of Shh and Nrf2 in HNSCC, we conducted knockdown experiments for both Shh and Nrf2 individually and assessed effect on cell growth and survival. Our results clearly demonstrate a reduction in HNSCC cell growth. Furthermore, the Shh inhibitor cyclopamine dose-dependently decreased the growth of cells and reduced the invasive potential of HNSCC cells. These findings suggest that Shh and Nrf2 may play crucial roles in the survival and proliferation of resistant tumor cells after chemotherapy.

One of the limitations of our present work was the lack of validation using an animal model, particularly for the CSC population and resulting resistance. As a well-recognized alternative, we employed three-dimensional sphere cultures generated from patient tumor cells and FaDu, an HNSCC cell line. The three-dimensional cell models have been authenticated to be more realistic for translating *in vitro* study results for *in vivo* application.^[@bibr41-1758835920911229]^ We have confirmed that cells isolated from cisplatin-resistant tumor cells produced greater sphere size and increased numbers of spheres than cells that were cisplatin sensitive, concomitantly with increased Shh and Nrf2 expression in the resistant tumor sphere cells. Furthermore, we found that inhibition of either Shh or Nrf2 inhibited the growth and size of spheres compared with untreated cells. One interesting finding of this study was that the inhibition of Nrf2 by siRNA-Nrf2 did not alter Shh and Gli1 expressions, suggesting that Shh possibly regulates Nrf2 and its target genes. However, more experimental evidence is required to prove the interrelation of Shh and Nrf2 in the regulation of chemotherapeutic resistance. Nevertheless, in this study we have provided a convincing body of data that lays out the foundation about the combined function of Shh and Nrf2 and patient outcome in HNSCC. Together, these results suggest that Shh and Nrf2 play major roles in the chemotherapeutic resistance process and the growth and proliferation of tumor cells after chemotherapy.

The data presented here lead us to propose that combined Shh and Nrf2 overexpression in resected tumors is significantly associated with OS and DFS in patients with HNSCC and chemoresistance. The data further support the notion that Shh and Nrf2 are probably important regulators of cancer stemness and chemotherapeutic resistance. Thus, both Shh and Nrf2 overexpression are probably associated with disease recurrence and prognosis. These findings overall suggest that Shh and Nrf2 may be potential therapeutic biomarkers and may offer potential new therapeutic targets in combination with chemotherapy.
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